Background Maternal pre-pregnancy obesity may be associated with impaired infant neuropsychological development; however, there are few studies and it is unclear if reported associations are due to intrauterine mechanisms.
Introduction
Obesity is increasing worldwide and its prevalence is particularly high in Central, Eastern and Southern Europe; 1 in Southern Europe prevalence can reach 30%. 1 Obesity is well characterized as a systemic inflammatory condition. 2 There is evidence that such inflammation during pregnancy may be transferred to the offspring brain, decrease neurogenesis and increase oxidative stress, changes that can result in cognitive disruption. 3, 4 Few epidemiological studies [5] [6] [7] [8] [9] [10] [11] [12] have examined evidence of neuropsychological effects in children associated with maternal obesity and of these, only six evaluated cognitive function 5, [8] [9] [10] [11] [12] and two evaluated psychomotor development. 5, 10 Four studies reported maternal pre-pregnancy obesity [body mass index (BMI) 530 kg/m 2 ] to be related to an increased risk of lower cognitive function 5, 10, 11 and an increased risk of intellectual disability. 9 These studies did not find any associations with maternal overweight 5, 10, 11 or motor ability. 5, 10 One study showed a decrease in cognitive performance with increasing continuous BMI. 12 An analysis of two European cohorts observed no consistent association between maternal pre-pregnancy overweight/obesity combined and child behavioural problems and measures of cognitive abilities. 8 Challenges for future studies include having adequate sample sizes to separately assess maternal overweight and obesity and disentangling the role of intrauterine mechanisms from those of confounding variables linked to maternal weight status.
The mechanisms underlying the potential effects of maternal pre-pregnancy overweight and obesity on child neurodevelopment are still unknown. Besides the potential effects on brain development from anti-inflammatory processes, high levels of leptin, a hormone synthesized by adipose tissue and associated with obesity, 13 have been associated with gestational diabetes. Gestational diabetes can delay brain maturity and induce neurobehavioural abnormalities in offspring. 14 Thyroid dysfunction, as well as nutrient deficiencies such as folic acid or vitamin D, all more common in obese women, 15, 16 have also been implicated as potential mechanisms linking maternal overweight/obesity and child neurodevelopment. 17, 18 Further, some environmental neurotoxicants, such as polychlorinated biphenyls (PCBs) and mercury (Hg), can bio accumulate in adipose tissue. Rodriguez et al. 7 proposed that adipose tissue of overweight and obese women may contain higher levels of neurotoxins that will negatively affect foetal brain development.
This study aimed to assess whether maternal pre-pregnancy overweight and obesity were associated with neuropsychological development of children between 11-22 months in two countries with moderately high obesity prevalence (Spain and Greece). We used individual neuropsychological tests, assessed the impact of possible intermediate factors and assessed the association between paternal overweight and obesity with children's neuropsychological development, as a negative control exposure. 19, 20 We hypothesized that a direct maternal intrauterine mechanism would produce stronger associations than an indirect paternal effect. This approach has previously been used to disentangle intrauterine influences from social and other confounding variables for prenatal smoking 19 and maternal overweight/obesity. 8 
Methods

Study participants
The population-based birth cohort study INMA (INfancia y Medio Ambiente-Environment and Childhood) recruited pregnant women during the first trimester of pregnancy from four Spanish regions (Asturias, Gipuzkoa, Sabadell and Valencia) between 2004 and 2008, following a common protocol. 21 Inclusion criteria were: age 516 years, singleton pregnancy, no assisted conception, intention to deliver at the reference hospital and no communication problems. 21 A total of 2644 mothers were recruited and 2226 children undertook the neuropsychological test at around 14 months of age. After the exclusion of preterm births, neuropsychological tests of uncertain validity due to less than optimal cooperation of the child, basic pathologies (i.e. epilepsy, plagiocephaly) and age at examination 523 months, 1967 mother-child pairs were included in the analyses (Table 1) .
The RHEA (Mother-Child) Study in Crete (Greece) 22 enrolled pregnant women during 2007-2009 at the MATERNAL OBESITY AND CHILD NEUROPSYCHOLOGICAL DEVELOPMENT time of the first major ultrasound examination at 10-13 weeks of gestation if they were: resident in the study areas, 416 years of age and without communication handicaps. The cohort enrolled 1606 mothers and a random subgroup of 612 children performed the neuropsychological test at around 18 months of age. After excluding multiple pregnancies, preterm births, subjects with missing information on maternal BMI, infants with basic pathologies (pervasive developmental disorder and hydrocephalus) and tests of uncertain validity, a total of 412 mother-child pairs were included in the analysis (Table 1) .
Maternal and paternal overweight and obesity Maternal height was measured and pre-pregnancy weight reported by the mother at the first trimester visit; these were used to calculate pre-pregnancy BMI (kg/m 2 ). Reported pre-pregnancy weight was highly correlated with measured weight at 12 weeks of pregnancy in INMA (r ¼ 0.96; P < 0.0001). Paternal weight and height were reported by the mother at the first trimester visit and used to calculate paternal BMI. Maternal and paternal BMI were grouped according to the World Health Organization categories for underweight (<18.5 kg/m 2 ), normal (18.5-24.9 kg/m 2 ), overweight (25-29.9 kg/m 2 ) and obese (530 kg/m 2 ). Dummy variables were used to compare those classified as overweight and obese with those with normal weight; underweight mothers were not included.
Children's neuropsychological development The Bayley Scales of Infant Development (BSID) were used to assess cognitive and psychomotor development. In INMA, children were assessed at around age 14 months (range 11-22 months) by 12 specially trained psychologists at primary health care centres in the presence of the mother. In RHEA, children were assessed at around age 18 months (range 17-20 months) by three trained psychologists at hospitals in Heraklion in the presence of the mother. 23 In INMA, the BSID version I (BSID-I) 24 was used and in RHEA version III (BSID-III). 25 BSID-I consists of a mental scale that assesses age-appropriate cognitive development and a psychomotor scale that assesses fine and gross motor development. The BSID-III includes five scales: cognitive, receptive communication, expressive communication, fine motor and gross motor. In this study we used the mental scale of the BSID-I and the cognitive scale of the BSID-III to represent infant cognitive development; the psychomotor scale of BSID-I and both the fine and gross motor development scales of BSID-III represented psychomotor development. Raw scores were standardized for child's age in days at test administration. Standardized residuals were then typified having a mean of 100 points with a 15 standard deviation (SD) to homogenize the scales.
Covariates
Questionnaires administered during the first and third trimesters of pregnancy obtained information on maternal and paternal age and education, maternal and paternal social class (only available in INMA), maternal country of birth, maternal smoking during pregnancy, maternal employment status during pregnancy, folate supplementation and parity; Supplementary Table 1 , available as Supplementary data at IJE online, describes the coding of these variables in both cohorts. Information on dietary folate intake was obtained at the first trimester visit in INMA and at mid pregnancy (14-18 weeks) in RHEA through validated food frequency questionnaires. Maternal weight throughout pregnancy was extracted from prenatal visit records and pregnancy weight gain was classified as low, recommended and high based on US Institute of Medicine guidelines 26 (Supplementary Table 1 , available as Supplementary data at IJE online). Weight gain was adjusted for gestational age at the last available measure of weight in order to correct possible heteroscedasticity and nonlinearity. 26 Information on Table 1 , available as Supplementary data at IJE online). Children's BMI-for-age z-scores were calculated and children with BMI z-scores 51.035, corresponding to the 85th percentile, were classified as overweight. 27 All questionnaires were conducted face to face by trained interviewers.
In INMA, 25-OH vitamin D 3 was determined in the first trimester plasma using a high-performance liquid chromatography assay (BioRAD kit 28 ). First-trimester serum thyroid-stimulating hormone (TSH) was determined using a solid-phase, time-resolved sandwich fluoroimmunoassay (AutoDELFIA, PerkinElmer Life and analytical Sciences, Wallac Oy, Turku, Finland) using a lanthanide metal europium (Eu) label. First-trimester serum C-reactive protein (CRP), a sensitive marker for systemic inflammation, 2 was determined by turbidimetric assay using a Hitachi modular analyser system (Roche Modular DPP, Hitachi Ltd, Tokyo, Japan) (this last measure was only available in the Gipuzkoa and Sabadell regions). Total PCBs (118, 153, 138, 180) were also measured in maternal first-trimester serum in Gipuzkoa, Sabadell and Valencia using a 96-well solid-phase extraction disc plate procedure gas chromatograph as described elsewhere. 29 Total Hg was measured in cord blood in all INMA regions by thermal decomposition, amalgamation and atomic absorption spectrometry using a single-purpose LECO AMA-254 analyzer. 30 In RHEA, TSH was measured in first-trimester maternal serum by the IMMULITE 2000 immunoassay system (Siemens Healthcare Diagnostics, IL, USA).
Statistical analysis
Multiple imputation of missing values for the covariates was performed using chained equations where 25 completed datasets were generated, separately for INMA and RHEA cohorts, and analysed using the standard combination rules for multiple imputations. 31 Complete case analyses were also conducted for all models.
Multivariate linear regression models were used to assess the association between maternal prepregnancy overweight and obesity, and infant cognitive and psychomotor development scores. First, all models were adjusted for child's gender, as well as for INMA regions (Model 1). In a second model, a set of primary socioeconomic variables were included: maternal and paternal education, maternal country of birth and maternal and paternal social class (INMA only) (Model 2). In a third model, other potential confounders were included: maternal and paternal age, breastfeeding duration, maternal smoking, maternal employment status during pregnancy and after birth, parity, nursery attendance and main childminder (Model 3). These variables were selected a priori from the literature based on their potential to confound the association between maternal prepregnancy BMI and child cognitive development. 5, [7] [8] [9] A fourth model included paternal BMI categories (Model 4). Standardized effect size (Cohen's d) was calculated dividing the b coefficients by one SD (magnitude of effect size: 0.20 ¼ small, 0.50 ¼ moderate, 0.80 ¼ large). 32 We repeated Model 3 using BMI as continuous measure. We also repeated Models 1-3 using paternal rather than maternal overweight and obesity as the main exposure of interest.
Sensitivity analyses were performed to assess the robustness of our results (all based on Model 3). We assessed the role of the following possible intermediate factors: vitamin D, dietary folate intake, folate supplementation, TSH, CRP, PCBs and total Hg, gestational weight gain, birthweight, gestational age and child's BMI after birth, by including them separately in Model 3 and evaluating if they changed the coefficients for maternal obesity. Further, we excluded maternal and paternal social class covariates from the INMA models to assess the potential residual confounding due to socioeconomic factors in RHEA. Finally, we excluded mothers who did not live with the father to evaluate the validity of maternal report of paternal BMI. All statistical analyses were conducted with Stata 12.0 statistical software (Stata Corporation, College Station, TX, USA).
Results
The percentage of overweight and obese mothers was 18% and 8%, respectively, in INMA and 20% and 11%, respectively, in RHEA ( Table 2 ). The percentage of overweight and obese fathers was higher: 44% and 12%, respectively, in INMA and 47% and 25%, respectively, in RHEA (Supplementary Table 4 , available as Supplementary data at IJE online). The prevalence of maternal overweight and obesity was higher in lower educational levels (INMA and RHEA) and lower social classes (INMA) ( Table 2 ). Paternal obesity was more prevalent in lower educational and social class categories in INMA, but in RHEA there was little difference between paternal educational levels (Supplementary Table 4 , available as Supplementary data at IJE online). In both cohorts, younger and older mothers were more likely to be overweight, whereas younger mothers were more likely to be obese (Table 2) . Paternal overweight was more prevalent in older fathers in INMA but in younger fathers in RHEA; the prevalence of obese fathers was relatively similar between age categories in both cohorts. Smokers and mothers who breastfed less were more likely to be obese. Confounding patterns were similar between overweight and obese mothers; only obesity was more strongly associated with lower educational levels than overweight. In both cohorts, cognitive development scores were higher among females, firstborns, children whose mothers were not the main childminder, and mothers who worked either during pregnancy or after birth.
In INMA, children with higher psychomotor development scores were more likely to not attend nursery school, to have shorter breastfeeding duration, to have siblings and to have younger parents. In RHEA, MATERNAL OBESITY AND CHILD NEUROPSYCHOLOGICAL DEVELOPMENT psychomotor development scores were higher among children who were breastfed longer, whose parents had higher educational levels, whose mothers were older and those whose mothers worked during pregnancy or after birth (Supplementary Table 5 , available as Supplementary data at IJE online). Children of obese mothers had lower cognitive development scores than those of normal weight mothers in INMA (À3.37 points, 95% CI: À5.90, À0.83) and RHEA (À6.00 points, 95% CI: À10.75, À1.24) in the unadjusted Model 1 (Table 3 and Figure 1 ). Adjustment for socioeconomic variables (Model 2) attenuated these coefficients, especially in RHEA. After further adjustment (Model 3), the coefficient for maternal obesity was À2.69 (95% CI: À5.27, À0.11) in INMA and À3.92 (95% CI: À8.60, 0.76) in RHEA ( Figures 1 and 2) . Paternal overweight and obesity were not associated with child cognitive or psychomotor development in Tables 6 and 8,  available as Supplementary data at IJE online). Sensitivity analyses showed no changes in coefficients for cognitive development associated with maternal obesity after additionally adjusting for Table 3 and Supplementary Table 7 Table 3 and Supplementary Table 7 , available as Supplementary data at IJE online): model including child's gender, region (only in INMA), maternal education, paternal education, maternal country of birth, maternal and paternal social class (only in INMA), maternal age, paternal age, breastfeeding duration, maternal smoking, maternal employment status during pregnancy and after birth, parity, nursery attendance, main childminder, and paternal BMI Figure 1 Association of maternal and paternal pre-pregnancy obesity on child cognitive development scores. a Unadjusted (Model 1 of Table 3 Table 3 and Supplementary Table 7 , available as Supplementary data at IJE online): model including child's gender, region (only in INMA), maternal education, paternal education, maternal country of birth, maternal and paternal social class (only in INMA), maternal age, paternal age, breastfeeding duration, maternal smoking, maternal employment status during pregnancy and after birth, parity, nursery attendance, main childminder, and paternal BMI gestational weight gain, gestational age at birth or child BMI z-score after birth. However, including birthweight in the model led to a substantial reduction in the coefficient in INMA (from À2.69 to À3.14) ( Table 4) . Adjusting for dietary folate intake, folate supplementation, circulating levels of vitamin D, maternal TSH, total Hg and PCBs levels did not change the cognitive development coefficient linked to obesity (Table 4) . After excluding maternal and paternal social class from the INMA models, coefficients slightly decreased, particularly in paternal BMI models (mental: from À0.56 to À0.85; psychomotor: from 0.09 to À0.26) (Supplementary Table 9 , available as Supplementary data at IJE online). Excluding mothers who did not live with the father, the direction of the associations remained similar to the main analyses (data not shown).
Discussion
Maternal pre-pregnancy obesity was associated with a reduction in children's cognitive development scores at 1-2 years of age. This association was consistent in the Spanish and Greek cohorts, although the smaller sample size of the latter resulted in lower statistical power. Maternal pre-pregnancy overweight was associated with reduced cognitive development scores only in INMA. In both cohorts there was evidence of a dose-response with continuous BMI. Associations between maternal overweight and obesity and infant psychomotor scores were weaker and less consistent between the two cohorts. Paternal BMI was not associated with infant cognitive or psychomotor development in INMA; however, in RHEA, paternal obesity was more strongly associated with infant fine and gross motor scores than was maternal obesity.
Comparing maternal and paternal weight status, we observed substantially stronger associations for maternal than paternal obesity with cognitive scores, especially in the INMA cohort. In the INMA cohort, both maternal and paternal BMI were strongly and consistently associated with socioeconomic factors suggesting that, at least in this cohort, paternal BMI was a good indicator for a common social environment. In RHEA, however, paternal BMI was less strongly and consistently associated with education and we were not able to adjust for social class, so here the paternal adjustment is less likely to account for a common social environment. In both cohorts though, associations with maternal obesity were robust to adjustment for paternal BMI, both using multiple imputation and complete case analyses. Overall, these results suggest that, for cognitive development, a maternal mechanism (be it a direct intrauterine or an indirect mechanism) is more likely to be responsible for these findings than an indirect effect 33, 34 ). Children of overweight mothers showed a small reduction in cognitive development scores (only in INMA). In both cohorts however, we observed decreasing cognitive scores with increasing continuous maternal BMI, with the greatest decreases in children of very obese mothers; therefore, it seems probable that there is an impact across the entire BMI range. Furthermore, in spite of the differences observed in educational levels between overweight and obese mothers, the reduction in cognitive scores was stronger in obese than in overweight mothers in the unadjusted model (Table 3 , Model 1). This makes it unlikely that such differences in educational levels were responsible for the non-significance of results in overweight mothers.
Concerning psychomotor development, maternal BMI was associated with somewhat reduced scores in INMA and RHEA. However, in RHEA, but not INMA, this association was stronger for paternal than for maternal BMI. The inconsistencies observed between the cohorts with respect to paternal overweight and obesity make it difficult to assess whether the weak associations observed between maternal BMI and psychomotor development are due to chance, indirect familial and paternal influences or other mechanisms.
Only six other studies have examined the association between maternal pre-pregnancy overweight and obesity and child cognitive development; 5, [8] [9] [10] [11] [12] two of them also assessed psychomotor development. 5, 10 Neggers et al. 5 found that children of obese mothers had lower IQ and nonverbal scores at age 5 years in a small (n ¼ 355) population with high levels of obesity (44%) and low mean score for general IQ (82.1). A large US study (n ¼ 6850) showed that children of obese mothers had lower mental development scores at age 2 years. 10 In both studies no association was observed with maternal overweight. Furthermore and consistently with our inconclusive findings for psychomotor development, neither maternal obesity nor maternal overweight were associated with children's gross motor ability scores. In another two studies, Heikura et al. 9 and Tanda et al. 11 reported that pre-pregnancy obesity, not overweight, was associated with offspring mild intellectual disability (IQ 50-70) at age 11 and lower Peabody individual achievement test (PIAT) at age 5-7 years, respectively. An analysis within the Millenium Cohort Study (n ¼ 19 517) recently reported a significant decrease in cognitive scores with increasing continuous BMI (age 5: b ¼ À0.075; age 7: b ¼ À0.17).
12 Finally, Brion et al. 8 found no consistent associations between maternal overweight/obesity, as a combined variable, and maternal reports on child cognitive abilities at 30 months to 8 years in two European cohorts (ALSPAC and Generation R) with about 20% of overweight/ obese mothers. There were no associations with paternal BMI. In ALSPAC, however, a strong negative association was observed between maternal overweight/obesity and general IQ assessed by a psychologist at age 8 years. These findings reinforce the potential importance of conducting standardized assessments by trained psychologists rather than maternal reports. These studies and our findings also suggest that it may be important to distinguish overweight and obese mothers and to evaluate associations across the range of pre-pregnancy BMIs; combining these categories may obscure effects if associations are observed only in a substantially smaller subset of mothers who are obese. Child age at test administration may also explain some differences between previous studies and ours. Children in our study were younger, which may have the advantage that they were less influenced by additional postnatal factors such as schooling. However, the Bayley test has shown low predictive value for later cognition 35 and the associations reported here need to be followed up at older ages.
In this study we examined the impact of adjusting for several plausible biological intermediates. However, none of the factors explored seemed to explain the association between maternal obesity and child cognition. Obese mothers from our study did not have elevated levels of TSH or lower levels of vitamin D compared with normal weight individuals, as reported in other studies; 15, 16 this may explain why we did not observe a mediating effect. Though levels of CRP were higher in obese mothers (mean: 11.39 AE 6.95 mg/l) compared with normal weight mothers (mean: 5.65 AE 7.27 mg/l), this indicator of systemic inflammation did not seem to explain the association between maternal obesity and the reduction in cognitive scores. However, only one inflammatory indicator was available and only in a sub-sample (n ¼ 894). The inclusion of additional markers of inflammatory processes such as certain interleukins, cytokines or hormones involved in the regulation of energy balance processes such as leptin hormone 36 would be of great interest in determining possible mechanisms.
The strengths of this study lie in its prospective design, its use of two independent cohorts for replication, its adjustment for paternal BMI, and the quality of neuropsychological tests: the BSID is recognised internationally as one of the most comprehensive tools to assess cognitive and psychomotor abilities of children starting as young as 1 month old. 25 Different versions of the Bayley test were used, however, in INMA and RHEA, requiring caution in comparing results between cohorts.
Conclusions
This study in two Southern European birth cohorts with moderately high obesity prevalence suggests that maternal pre-pregnancy obesity is associated with reduced child cognitive development at early ages; this association appears more likely to be due to maternal than shared family and social mechanisms. Findings for psychomotor development were inconclusive. Further research is needed to disentangle an intrauterine effect from other maternal confounding factors, for example by using markers of the inflammatory processes or genetic variants that are reliably associated with maternal adiposity.
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